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Cell morphogenesis: How plants split hairs
Martin Hülskamp
The unicellular three-branched trichomes, or ‘hairs’, of
Arabidopsis provide a model system for studying cell
morphogenesis in plants. Recent results, including the
characterization of a newly identified mutant with
multicellular trichomes, have led to a new view of how
trichome morphogenesis might be controlled.
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How is shape controlled at the level of the smallest unit of
an organism — the individual cell? A powerful system for
addressing this question in plants is provided by the leaf
trichomes of the model plant Arabidopsis thaliana [1,2].
Trichomes are unicellular hairs originating from epidermal
cells (Figure 1a), which are up to 500 µm long and 50 µm
wide at their base, and contain sixteen times more DNA
than diploid cells — their genomic DNA content is thus
‘32C’ rather than the usual ‘2C’. The process of trichome
morphogenesis has proved well suited to genetic dissec-
tion, and recent studies, including the identification of
new mutants with abnormal trichomes and analysis of the
cytoskeleton, have led to a new view of how trichome
morphogenesis might be controlled.
Trichome development proceeds through two growth
phases (Figure 1b). The first growth phase is characterized
by four DNA replication cycles in the absence of cell
divisions — endoreduplication — and an intracellular
organisation similar to that of meristematic cells, with dense
cytoplasm and little vacuolization. The incipient trichome
cell grows out of the leaf surface and initiates two succes-
sive branching events. The two branches resulting from the
first branching event are aligned with the proximal-distal
axis of the leaf. At this stage, the developing trichome
appears highly polarized, as secondary branching is
restricted to the branch that points to the leaf tip. During
the second growth phase, the trichome cell begins rapid cell
elongation concomitant with vacuolization. The mode of
cell expansion seems to vary in different stages of trichome
development [3]. Before branching, it is assumed that the
trichome cell predominantly grows by tip growth — the cell
elongates without increasing its diameter. During later
stages, trichomes expand by overall, ‘diffuse’ growth.
Two recent studies [3,4] have shown that the cytoskeletal
protein tubulin is required predominantly during the first
growth phase of trichome morphogenesis, and that actin
is required during the second (Figure 1b). Treatment with
drugs that disturb the microtubule cytoskeleton was found
to result in the trichome cell having an aberrant spatial
organization. After treatment with such drugs, the initial
Figure 1
Trichome development in Arabidopsis. (a) Images of wild-type
trichomes. Left, scanning electron micrograph of a mature three-
branched trichome. Middle, whole-mount DAPI-stained trichome, note
the large nucleus poistioned at the branch points (from [5]). Right,
actin distribution as revealed in transgenic Arabidopsis producing a
GFP–talin fusion protein [4] (from [12]). (b) The two growth phases
of trichome development. Several cell-biological parameters (left)
suggest a distinction in two growth phases. During the two growth
phases, different morphogenetic events take place that are regulated
by different sets of genes and seem to be dependent on either the
actin or the microtubule cytoskeleton (right). 
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outgrowth of the incipient trichome was often abnormal
and branch initiation was severely impaired — most
mature trichomes were unbranched. The microtubule
cytoskeleton thus appears to play an important role from
the outset of trichome morphogenesis.
Treatment with actin inhibitors, in contrast, caused only
minor growth defects in the first trichome growth phase,
but strong growth irregularities were found after branch
initiation. The mature trichomes formed in the presence
of such inhibitors exhibited a malformed phenotype
resembling that of a class of mutants known as distorted
mutants. The actin cytoskeleton has a grossly abnormal
organization in the trichomes of distorted mutants; this
was shown both by immunohistochemistry [3], which
allowed detection of  soluble (G) and polymerised (F)
actin, and by analysing transgenic plants expressing a
fusion protein between the green fluorescent protein
(GFP) and the actin-binding protein talin [4], which
allowed visualization of F actin. Deviations from wild-
type were seen only after branch initiation, when the actin
organization is no longer diffusely distributed but appears
as prominent longitudinally stretched cables [3,4]. These
observations suggest  that actin and microtubules have
distinct roles in trichome morphogenesis, with micro-
tubules being required for establishment of the spatial
pattern, and actin for maintenance of the pattern during
expansion growth. 
A large collection of mutants have been identified with
defects in one or other of the two growth phases. Mutants
with defects in the first growth phase produce trichomes
that have either fewer or more branches than wild-type
plants. These fall into one or other of two classes: one
class has an altered DNA content, while the other, major-
ity class has a DNA content similar to wild type [5,6].
Mutants with a reduced DNA content, such as glabra3,
produce trichomes that are smaller and have fewer
branches than wild type, whereas those with an increased
DNA content, such as triptychon, produce trichomes that
are larger and have more branches than wild type [5,6].
This correlation between DNA content and branching is
also observed in wild-type plants when the DNA levels
are manipulated. Artificial reduction of the DNA content
by treatment with aphidicolin, a DNA replication
inhibitor, was found to lead to production of trichomes
with fewer than normal branches (my group’s unpub-
lished observations), whereas tretraploid plants with
twice the normal DNA content were found to produce tri-
chomes with extra branches [7]. 
This relationship between the DNA content and branch
number suggests that branching is controlled by cell size
and/or cell growth. This inference is supported by analy-
sis of genes in which mutations affect branch mutation.
One group of three ‘branching’ genes — ANGUSTIFOLIA,
ZWICHEL and FURCA4 — has been identified that
seem to be important mediators of cell size/growth-
dependent branch formation (Figure 2a) [8]. Of the
various genes implicated in trichome morphogenesis
only these three seem to be controlled by the negative
branch regulator NOECK, so it is assumed that they may
act together in a distinct aspect of branch formation. Five
genes that act as positive regulators of branch formation
have been identified — FURCA1, FURCA2, FURCA3
and STACHEL and STICHEL — each of which appears
to act in a separate pathway. FURCA2 and STACHEL
seem to function redundantly downstream of ZWICHEL
and FURCA4 (Figure 2a).
What do these observations tell us? Considering that cell
morphogenesis in plants involves a wide range of cellular
components and processes — including the cytoskele-
ton, vesicle transport and coordinated modulation of the
cell wall — one might have expected that genetic analy-
sis would reveal several genes acting in separate path-
ways. Only one gene has been cloned to allow a first
glimpse of underlying molecular mechanisms. The
ZWICHEL gene was found to encode a member of the
kinesin superfamily of motor proteins that contains a
calmodulin-binding site in addition to its motor domain,
and it is therefore assumed that this protein is involved
in either the transport of important intracellular
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Figure 2
Regulation of trichome development. (a) A model for the genetic
control of branch number regulation in Arabidopsis. Positive regulation
events are indicated by arrows, negative regulation events are
indicated by T bars. (b) Division pattern of multicellular branched
trichomes in Verbascum; arrows mark the new division plane [11]. In
(a), gene products are indicated in a three letter code: STI, STICHEL;
FRC1, FURCA1; FRC2, FURCA2; FRC3, FURCA3; FRC4, FURCA4;
STA, STACHEL; ZWI, ZWICHEL; NOK, NOECK; AN,
ANGUSTIFOLIA; GL3, GLABRA3; TRY, TRIPTYCHON.
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components or in the reorganization of microtubules
prior to branch initiation [9].
A first indication that branching genes may encode proteins
involved in general, rather than trichome-specific, cellular
processes comes from the analysis of suz1, a genetic sup-
pressor of zwi mutations [10]. In suz1 zwi double mutants,
but not in either of the single mutants, trichome branching
is restored to an apparently normal level. The double-
mutant plants do, however, show defects in pollen tube
growth, indicating that ZWICHEL has an important role in
the morphogenesis of other cell types than trichomes. 
All genes known to act during the second trichome growth
phase belong to a homogeneous class of eight genes — the
DISTORTED genes mentioned above. Distorted mutants
develop normally until branch initiation, after which growth
is irregular, resulting in mature trichomes with a twisted
and distorted phenotype [1,2].
A newly identified trichome mutant of Arabidopsis may be
particularly informative. This is the siamese mutant, which
produces multicellular trichomes consisting of up to 15 sep-
arate cells. This observation suggests that the unicellular tri-
chomes in Arabidopsis may have evolved from multicellular
forms (J. Larkin, personal communication). This also raises
a new and exciting possible explanation for how the spatial
organisation of the trichome cell is regulated. Branching in
multicellular trichomes, as observed in species such as Ver-
bascum, is based on a stereotyped cell-division pattern, in
which ‘periclinal’ cell divisions — parallel to the leaf surface
— generate spikes, and occasional anticlinal cell divisions —
perpendicular to the leaf surface — initiate branches [11]. In
this view, branching of unicellular trichomes in Arabidopsis
can be regarded as the product of partial cell divisions that
lack the nuclear and cellular division.
Genetic and cell biological analyses suggest that trichomes
are produced by two major growth phases: an initial,
microtubule-dependent growth phase during which the
spatial organization is laid down, and a second growth phase
during which actin-dependent cell elongation occurs. What
can we expect from the molecular analysis of genes
involved in these morphogenetic processes? If branched,
unicellular trichomes did evolve from multicellular tri-
chomes where the branching pattern is created by stereo-
typical cell divisions, then the genes required for proper
branch initiation might act by influencing the spatial orien-
tation of cell divisions. It should not be long before more
genes implicated in trichome morphogenesis have been
molecularly characterized, which should show whether this
prediction is true.
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